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Metal saltsAbstract Three crosslinked polymers were prepared via condensation polymerization between tri-
ethanolamine and glycerol [(25:75%), (50:50%) and (0:100%) (G:TEA)] with maleic anhydride
which produced polymers I, II and III consequently. All the prepared polymers were doped with
metal salts (CuCl2, NiCl2 and FeCl2). D.C. conductivity was measured in the temperature range
of (298–373 K), the result showed that the electrical conductivity increased several orders of mag-
nitude with increasing temperature, the activation energy decreased with increasing conductivity.
A.C. measurement is used to calculate the dielectric constant for the polymers in both pure and
doped state.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University.
Open access under CC BY-NC-ND license.1. Introduction
Polymer composites doped with metal are of interest in many
ﬁelds of engineering. This interest arises from the fact that the
electrical characteristics of such composites are close to the
properties of metals, whereas the mechanical properties and
processing methods are typical for plastics (Mamunya et al.,
2002; Singh et al., 2011). The achievement of metallic proper-
ties in such composites depends on many factors, and it is justthe possibility of controlling the electrical and physical charac-
teristics which determines a variety of ranges of their applica-
tion, such as light emitting diodes, chemical sensors, display
devices, probes of biological systems and solar-energy conver-
sion (Junfeng et al., 2011; Jingyue and James, 2000; Sung et al.,
2009). Various composite materials have been recently synthe-
sized by starting from different polymers and a wide variety of
dopants like metals, oxides, inorganic salts, and other particles
(Asogwa et al., 2010; Vandervorst et al., 2003). The incorpora-
tion of the dopants into polar organic polymers can induce
pronounced changes in various properties of polymers in order
to modify and improve its properties (Ghani and Young, 2010;
Mohammed and Gadou, 2000; Abdelaziza, 2011).
This article discloses the investigation of the effect of tran-
sition elements on the electrical properties of the prepared
cross linked polyester and study the electrical properties of
the polymers in both pure and doped state at temperatures that
ranged from 298 to 373 K.
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2.1. Preparation of polymers I, II and III
In a 100 ml round-bottomed ﬂask immersed in sand bath and
equipped with a thermometer and magnetic stirrer, a mixture
of triethanolamine (TEA) and glycerol (G) was placed. The
mixture is stirred for 15 min. and then maleic anhydride (M)
was added to the mixture and the temperature was raised grad-
ually to 160 C, and maintained for 3 h. Continued heating at
this temperature causes increasing viscosity of the solution
until a crystalline polymer was formed. The ﬁnal product
was washed with warm water and methanol or ethanol several
times (see Table 1).
2.2. Solubility
The solubility of the prepared polymers has been examined
using different types of solvent like water, methanol, ethanol,
dioxane, chloroform, carbon tetra chloride, hexane and ben-Table 1 Content of the prepared polymers.
Polymer I TEA+G+M (TEA:G) = (1:3)
Polymer II TEA+G+M (TEA:G) = (1:1)
Polymer III TEA+G+M (TEA:G) = (1:0)
Scheme 1 The suggested struzene and it was found that all polymers are insoluble and sta-
ble in all these solvents.
2.3. FTIR measurement
Infrared spectra were recorded on a SHIMADZU 8300 Fou-
rier transform infrared spectrophotometer (FTIR) by using
the (KBr) in the wave number range of 4000–400 cm1.
2.4. Doping of polymers
The polymer was doped with metal salts by adding (10% w:w)
of the salts in ethanol to the polymer and then left for seven
days to allow the salt to diffuse homogeneously. The doped
polymers were dried under vacuum over night.
2.5. Preparation of the samples
Circular pellet specimens were prepared from the powder of
pure and doped polymer samples, under a pressure of 5 ton/
cm2 for 15 min. The diameter of the pellet was 2.5 cm and their
thickness varied from 2.7 to 2.9 mm. All the specimens were
pressed at 80 C. A coating unit model (Edwards) has been
used for deposition of thin aluminum electrodes on both sides
of each sample. The shape of the electrode is circular and the
diameter is (1.5 cm), the deposition of aluminum is done under
highly reduced pressure.cture of polymers I and II.
Scheme 2 The suggested structure of polymer III.
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Three electrode cell or (guard ring electrode method) is used to
study the effect of the dopant and the temperature on the vol-
ume resistivity of the polymer.
The electrodes were made of copper metal, and two adjust-
able screws applied a uniform pressure on the specimens. The
resistance was measured by using Keithly 614 digital-solid
state electrometer.
The test sample is sandwiched between the electrodes and
put in a temperature controlled oven (Hereaus electronic).
(The volume conductivity measurements were performed in
the temperature range of 298–373 K).
Electrical properties (dielectric constant) have been studied
as a function of frequency. All measurements are carried out
over a frequency range of 1–5 MHz.
3. Results and discussion
3.1. Polymer synthesis
It is known that the condensation reaction of glycerol with
maleic anhydride produces a hard and rigid polymer
(Sorenson and Campbel, 1968). On the other hand, we foundthat the condensation of triethanolamine and glycerol with
maleic anhydride produces less hard and rigid polymers I, II
while the condensation of triethanolamine with maleic anhy-
dride produces polymer III which tends to be elastic, as in
the chemical reaction in Scheme 1 for polymers I and II, and
Scheme 2 for polymer III.
Despite the synthesis of the polymers I, II and III being the
same, we believe that polymer III contains more nitrogen
atoms which may play a signiﬁcant role in the electrical
conduction.
3.2. Polymer characterization
All the prepared polymers are characterized by difﬁcult solu-
bility in most solvents, and because of the high degree of cross
linking which prevents the rotation of the bonds and conse-
quently the molecule has a high energy barrier to solvation
process and for this reason we cannot determine the molecular
weight and the degree of polymerization.
However, the polymers I, II and III were identiﬁed by
FTIR spectrum. The FTIR spectrum of polymers I and II
showed the appearance of the characteristic absorption bands
at 1732 cm1 due to the stretching vibration of the C‚O of the
forming ester. A band at 1161 cm1 was due to the C–O
Figure 3 Plot of conductivity vs 1000/T for pure and doped
polymer III.
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a band of C‚C appears at 1639 cm1 and also a band at
2943 cm1 due to C–H aliphatic.
Also, the FTIR spectrum of polymer III showed the
appearance of a band at 1732 cm1 due to v(C‚O) of ester.
A band at 1161 cm1 was due to the C–O stretching of ester
and appearance of C–N band at 1288 cm1, a band of C‚C
appears at 1639 cm1 and also a band at 2943 cm1 due to
C–H aliphatic.
3.3. Electrical conductivity
It is known that the conductivity of traditional semiconductors
like silicone and germanium increased with increasing temper-
ature and that was because of the increasing charge carriers in
the conduction band. On the other hand, research has proved
that the conductivity in polymers, generally, depends on the
temperature in the same way as to semiconductors. However,
Figs. 1–3 indicate the relation between the temperature and
their effect on conductivity of the polymers I, II and III in both
pure and doped state, the achieved experiments showed that
there was an obvious decrease in polymer resistance (i.e.,
increasing conductivities) with increasing temperature in a
behavior similar to that of semiconductors (Munn et al., 1997)
Looking at the prepared polymers and their structure, we
notice that all polymers contains nitrogen and oxygen atoms
in different percents, the presence of these atoms in the poly-
mer chains enhance the interaction between the polymer and
the dopants and consequently enhance the conductivity of
the polymer .Figure 1 Plot of conductivity vs 1000/T for pure and doped
polymer I.
Figure 2 Plot of conductivity vs 1000/T for pure and doped
polymer II.The expected effect of the presence of a high percent of
nitrogen and oxygen to increase the conductivity was enhanced
after measuring the conductivity of the polymers in the pure
state, polymer III showed higher conductivity than polymers
II and I due to high percent content of nitrogen atoms.
This effect in the doped state is not like in the pure state, in
the doped state the response of the polymer to temperature is
less for polymer III comparing with polymers I and II and that
was because the segmental motion of the chains is lower than
the other polymers and also the length of the chains in poly-
mers I and II is greater than polymer III. As reported by Xi
and Tang (2005) the increase in the length of the chains and
their motions could increase the conductivity of the polymer.
The different changes in the electrical conductivity property
of the polymers after being doped by different ionic dopants
lead to thought of the presence of a special interaction of type
metal–polymer playing an important role in making these
changes (Seiblles, 1990; Michinobu, 2011). Their efﬁciency
depends on the ionization potential of the polymer and the
electron afﬁnity of the dopants (Jensen, 1980) and we usually
use standard reduction potential as a good way to measure
the electron afﬁnity (MacDiarmid et al., 1985), the results
showed that polymers doped with CuCl2 have the highest con-
ductivity than other dopants. Also the activation energy is cal-
culated for the pure and doped polymers using slop method
(see Table 2).
The relationship between conductivity and activation
energy is inversely proportional to each other (as the activation
increases the conductivity decreases). Polymer II showed good
electrical and stability properties.
Dielectric constant () is also calculated. The variation of
dielectric constant () as a function of frequency for the poly-
mers in pure and doped state samples in the case of polar
dielectric is shown in Figs. 4–6.Table 2 The values of activation energy for polymers in both
pure and doped states.
Dopant Activation energy (e.v.)
Polymer I Polymer II Polymer III
Pure 0.0228 0.0101 0.0084
Cu+2 0.0033 0.0053 0.0037
Ni+2 0.0063 0.0042 0.0042
Fe+2 0.0084 0.0055 0.0063
Figure 4 Effect of frequency on dielectric constant of polymer I
in pure and doped states.
Figure 5 Effect of frequency on dielectric constant of polymer II
in pure and doped states.
Figure 6 Effect of frequency on dielectric constant of polymer
III in pure and doped states.
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verifying the fact that for polar material, the initial value of is
high but as the frequency of the A.C. ﬁeld is increased, the
value of is decreased (Zawodzinski et al., 1991), the result
characteristic of most dielectric materials as reported in the lit-
erature (Yoshino et al., 1984).
4. Conclusion
The synthesis of new electrically conducting polymers with dif-
ferent chemical structures provides an efﬁcient method for the
introduction of new materials with different electrical conduc-
tivities ranging from the semi-conducting to the conducting
region. Furthermore, knowledge of the electrical behavior ofa great member of polymers with various chemical structures
enables us to understand the relationship between the electrical
behavior and chemical structure, which form the basis for the
invention of new polymers with improved properties. The elec-
trical conductivity is enhanced with addition of metal salts and
with increasing temperature, activation energy decrease with
increasing temperature, the behavior of dielectric constant is
like polar materials in which the dielectric constant decreases
with increasing frequency.References
Abdelaziza, M., 2011. Cerium (III) doping effects on optical and
thermal properties of PVA ﬁlms. Physica B 406, 1300–1307.
Asogwa, P., Ezugwu, S., Ezema, F., 2010. Variation of optical and
solid state properties with post deposition annealing in PVA-
Capped MnO2 thin ﬁlms. Superﬁcies y Vacı´o 23, 18–22.
Ghani, A., Young, H., 2010. Conductive polymer based on polyan-
iline-eggshell powder (PANI-ESP) composites. J. Phys. Sci. 21, 81–
97.
Jensen, W., 1980. The Lewis Acid Base Concept. John Wiley & Sons.
Jingyue, L., James, P., 2000. Nanostructured metal oxides for printed
electrochromic displays. Mater. Sci. Eng. A286, 144–148.
Junfeng, Z., Yigui, L., Chun, H., Jun, Z., 2011. Nanoﬁbers doped with
a phosphorescent iridium complex: Synthesis, characterization, and
photophysical property study. Synth. Met. 161, 1166–1171.
MacDiarmid, A., Mammone, R., Kaner, R., Porter, S., Pethig, R.,
Heeger, A., Rosseinsky, D., 1985. The concept of ‘doping’ of
conducting polymers: the role of reduction potentials [and discus-
sion]. Philos. Trans. R. Soc. London 314, 3–15.
Mamunya, P., Davydenko, V., Pissis, P., Lebedev, E., 2002. Electrical
and thermal conductivity of polymers ﬁlled with metal powders.
Eur. Polym. J. 38, 1887–1897.
Michinobu, T., 2011. Adapting semiconducting polymer doping
technique to create new types of click post functionalization.
Chem. Soc. Rev. 40, 2306–2316.
Mohammed, R., Gadou, A., 2000. AC-conductivity and dielectric
properties of Y-irradiated PVA ﬁlms doped with Mn2+ ions. Egypt
J. Sol. 23, 277–286.
Munn, R., Miniewicz, A., Kuchta, B., 1997. Electrical and Related
Properties of Organic Solids. Kluwer Academic Publishers.
Seiblles, L., 1990. Infrared analysis of metal chloride-doped poly(vinyl-
chloride) ﬁlms. J. Polym. Sci. 28, 2179–2186.
Singh, N., Sejal, S., Anjum, Q., Tripathi, A., Singh, F., Avasthi, D.,
Raole, P., 2011. Effect of ion beam irradiation on metal particle
doped polymer composites. Bull. Mater. Sci. 34, 81–88.
Sorenson, W., Campbel, T., 1968. Preparative methods of polymer
chemistry, second ed. Wiley-Interscience, New York.
Sung, H., Liang, F., Jonathan, W., Christopher, J., Kenneth, S., 2009.
An optoelectronic nose for detection of toxic gases. Nat. Chem. 13,
562–567.
Vandervorst, P., Lei, C., Lin, Y., Dupont, O., Dalton, A., Sun, Y.,
Keddie, J., 2003. The ﬁne dispersion of functionalized carbon
nanotubes in acrylic latex coatings. Prog. Org. Coat. 153, 163–205.
Xi, J., Tang, X., 2005. Novel composite polymer electrolyte comprising
poly(ethylene oxide) and triblock copolymer/ mesostructured silica
hybrid used for lithium polymer battery. Electrochim. Acta 50,
5293–5304.
Yoshino, K., Hayashi, S., Kohno, Y., Kaneto, K., Okube, J., Moriya,
T., 1984. Electrical and optical properties of polythiophene
irradiated with electron beam in the presence of SF6 and their
application as radiation detector. Jpn. J. Appl. Phys. 23, L198–
L200.
Zawodzinski, T., Neeman, M., Sillerud, L., Gottesfeld, S., 1991.
Determination of water diffusion coefﬁcients in perﬂuorosulfonate
ionomeric membranes. J. Phys. Chem. 95, 6040–6044.
